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Abstract

The static and dynamic behavior of polymers in confinement close to interfaces can be very
different from that in the bulk. Among the various geometries, intercalated nanocomposites,
in which polymer films of ~1 nm thickness reside between the parallel inorganic surfaces of
layered silicates in a well-ordered multilayer, offer a unique avenue for the investigation of
the effects of nanoconfinement on polymer structure and dynamics by utilizing conventional
analytical techniques and macroscopic specimens. In this article, we provide a review of
research activities mainly in our laboratory on polymer dynamics under severe confinement
utilizing different polymer systems: polar and non-polar polymers were mixed with
hydrophilic or organophilic silicates, respectively, whereas hyperbranched polymers were
studied in an attempt to probe the effect of polymer-surface interactions by altering the
number and the kind of functional groups in the periphery of the branched polymers. The
polymer dynamics was probed by quasielastic neutron scattering and dielectric relaxation
spectroscopy and was compared with that of the polymers in the bulk. In all cases, very local
sub-T7, processes related to the motion of side and/or end groups as well as the segmental o-
relaxation were identified with distinct differences recorded between the bulk and the
confined systems. Confinement was found not to affect the very local motion in the case of
the linear chains whereas it made it easier for hyperbranched polymers due to modifications
of the hydrogen bond network. The segmental relaxation in confinement becomes faster than
in the bulk, exhibits Arrhenius temperature dependence and is observed even below the bulk
T, due to reduced cooperativity in the confined systems.

Keywords: Polymer Dynamics, Confinement, Intercalation, Dielectric Spectroscopy,
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1. Introduction

The investigation of polymer dynamics has been an important and, at the same time,
intriguing scientific problem over the years because of the complexity it exhibits over

1,2,3,4,5,6,7,8,9,10,11,12 o
and because of its influence on the

multiple length- and time-scales
structure-property relationship. Polymer dynamics, covers a very broad temporal range of
more than 10 decades from the pico-second (ps) to the second (s) regime, whereas each type
of dynamics may exhibit a different length-scale dependence that needs to be investigated."
A number of experimental techniques, like, e.g., neutron and light scattering, dielectric
relaxation spectroscopy and nuclear magnetic resonance, have been utilized for the
investigation of its temporal and/or spatial dependence.

Polymer dynamics includes vibrational motions, rotations of side groups, like
hydroxyl, methyl and carbonyl groups, or other very local processes, the segmental o-process
as well as the overall chain dynamics. One of the simplest types of local motion is the methyl
group, -CH3, rotation, which can be identified at low temperatures below the polymer glass
transition, 7, g.14 At these temperatures the backbone dynamics is completely frozen and only
small side groups may move. The methyl group dynamics has been investigated for several

15,16,17 18,19 20,21

polymers, like polyisoprene, poly(methyl methacrylate), poly(isobutylene),

poly(methyl phenyl siloxane),***

etc. Quasielastic neutron scattering, QENS, has been
utilized to provide detailed information on the frequency of the rotation as well as on the
geometry of the motion through the elastic incoherent structure factor, EISF =]el/(lel+1quasi),24
which provides a measure of the time-averaged spatial distribution of the protons; /. and Zquasi
are the integrated elastic and quasi-elastic scattering intensities, respectively. Moreover,

2326 and the reorientation of ester groups,27

other motions, like the hydroxyl group motion,
have been probed below the polymer 7, mainly by dielectric spectroscopy; these processes
follow Arrhenius temperature dependencies, T = toexp[E/RT], with an activation energy £ (R
is the gas constant). The phenyl group dynamics has attracted the scientific interest as well,

28,29

either when it is part of the main polymer chain™" or when it is attached to the backbone as

a pendant group;***°

it has been shown that the phenyl group motion consists of oscillations,
n-flips and torsional processes with a broad distribution of reorientation angles.

Above the polymer glass transition temperature, the macromolecules display the
segmental dynamics or alpha (o.-) relaxation process, due to the cooperative motion of chain
segments. Characteristic features of this process are the non-exponentiality of the respective

relaxation function, expressed via the Kolhrausch-William-Watts (KWW) function ®(¢) =
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exp[- (¢ / r)ﬁ], and the non-Arrhenius temperature dependence of its relaxation rate when
approaching 7,, which is empirically described by the Vogel-Fulcher-Tammann equation, T =
To exp[B / (T-Tp)]. 5101112

The investigation of polymer dynamics close to interfaces and/or in very thin films has
been a subject of great interest during the recent years, together with their static behavior,
since significant differences can emerge when the molecules are confined over distances
comparable to their sizes.>'?*?*2*3°3¢3738 The equivalence in the behavior between polymer
nanocomposites and thin polymer films has been quantitatively illustrated for silica /
polystyrene nanocomposites.* Polymer nanocomposites of different dimensionalities have,
thus, been utilized to investigate the effect of confinement on polymer dynamics and the
resultant modifications of the polymer Tg.22,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57

An intriguing class of polymer nanocomposites is the one containing layered silicates
because they exhibit unique properties such as enhanced strength and thermal resistance,
reduced gas permeability, reduced flammability, etc., which render them candidates for a
range of applications; in these hybrids three different structures can be identified:*®->6061.62
the phase separated, where the polymer and the inorganic are mutually immiscible, the
intercalated, where the polymer chains intercalate between the layers of the inorganic
material in an expanded multilayer structure, and the exfoliated one, where the inorganic
platelets have lost their registry and are dispersed within the polymeric matrix. The structure
is controlled by the interactions between the polymer and the surface of the inorganic

63,64,65

material; understanding of these interactions allows control of the miscibility and, thus,

of the final properties of the nanohybrids. The interlayer galleries of the layered silicate
particles are usually hydrophilic and their interactions with polar polymers are favorable.
Thus, hydrophilic polymers are likely to intercalate within, e.g., sodium-activated

montmorillonite clays (Na-MMT), 66,67, 68

69,70
d

whereas hydrophobic polymers can lead to
intercalate or exfoliated’" structures only with organophilized clays.

The intercalated nanocomposites, in which 0.8-2.5 nm polymer films reside between
parallel inorganic layers in a well-ordered multilayer with a repeat distance of a few
nanometers, constitute a very interesting class since they offer a unique avenue for the
investigation of the effects of nano-confinement on polymer structure and dynamics by
utilizing, however, conventional analytical techniques on macroscopic specimens. For

example, a recent study on intercalated poly(ethylene oxide) / Na'-MMT nanocomposites

revealed that the polymer chains that are either confined within the galleries of the inorganic
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material or are adsorbed on the outer surfaces are completely amorphous but possess
significantly different conformations than those of the polymer in the melt.”” Moreover, the
kinetics of polymer crystallization is significantly altered because the surfaces induce a
different nucleation mechanism.”

Recent studies on the dynamics of intercalated polymers reveal that the relaxation

processes of the bulk polymer are strongly affected by the interaction with the inorganic

22,40,43,50,74,75, 40,43,45,74,75

layers. 767778 A number of investigations showed™ that the segmental
relaxation process (o-relaxation) of the polymer under severe confinement appears at
temperatures far below the 7, of the bulk polymer with the relaxation times being much faster
than those in the bulk and exhibiting an almost Arrhenius temperature dependence. The
significantly faster dynamics was discussed within the postulate of cooperatively-
rearranging-regions with a characteristic length &; this & increases from small values at high
temperatures to larger values as temperature decreases towards 7, with the dynamics in the
bulk deviating from the Arrhenius dependence at the onset of cooperativity. Nevertheless,
under confinement, this length scale cannot exceed the confining length leading, thus, to a
suppression of cooperativity.79 Alternatively, the enhanced dynamics could be attributed to an
enhanced monomeric mobility™ in an “interphase” region next to the surfaces, due to the
preferential parallel orientation of the chains near the wall, with thickness that increases with
supercooling. Moreover, the f-relaxation, corresponding to very local motions, was found
quite similar between the bulk and the confined polymers.22’40’43’45 In other studies, however,
where the polymer-inorganic interactions are more attractive, the o-relaxation observed is
much slower than that of the bulk polymer due to a thin glassy interfacial film that can be
formed next to the inorganic walls.”"7¢""7

In this review, we will summarize some of our research work over the years on the
dynamics of polymer chains severely confined within the ~1 nm interlayer galleries of
intercalated polymer/layered silicate nanohybrids and the comparison with their respective
relaxations in the bulk. Both hydrophilic and organophilic polymers have been utilized with
the appropriate inorganic material (pristine or organophilized montmorillonite, resepctively)
in order to obtain an intercalated structure. Moreover, the behavior of linear versus
hyperbranched polymers has been investigated in an attempt to probe the effect of the
polymer-surface interactions by altering the number and the kind of functional groups of the

hyperbranched polymers. The intercalated structure of all systems was verified by X-ray

diffraction whereas the dynamics was investigated by quasielastic neutron scattering and
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dielectric relaxation spectroscopy. The segmental relaxation under confinement was found
faster than the respective in the bulk. Moreover, it was identified even below the glass
transition temperature of the neat polymers and showed an almost Arrhenius temperature
dependence. More local processes, on the other hand, like relaxations of side and/or end-
groups, remain unaffected by the confinement, unless the restrictions imposed to the motion

by a hydrogen-bond network are altered in confinement.

I1. Experimental Section
Experimental Techniques

X-ray diffraction: Structural characterization of the neat materials and the
nanocomposites was performed with X-ray diffraction (XRD), using a RINT-2000 Rigaku
Diffractometer. The X-rays are produced by a 12kW rotating anode generator with a Cu
anode equipped with a secondary pyrolytic graphite monochromator. The CuKa radiation
with wavelength A=Acuko=1.54A was used. Measurements were performed for 20 from 1.5°
to 30° with steps of 0.02°. Materials with periodic structure, like the layered silicate clays,
show characteristic (00!) diffraction peaks, which are related to the spacing of the layers
according to Bragg’s law, nA=2dy;sin0, where A is the wavelength of the radiation, dy; is the
interlayer distance and 20 is the diffraction angle. Intercalation of polymer chains within the
silicate layers can be identified by a shift of the diffraction angle of the inorganic materials

towards lower values that correspond to the increase of the interlayer distances.

Quasielastic Neutron Scattering (QENS): QENS measures the coherent, S¢on(¢q,w), and
the incoherent, Sin.(g,®), structure factors as a function of the scattering vector, ¢, and
frequency, . The measured incoherent and coherent scattering contributions are weighted by

the corresponding neutron scattering cross sections; since the incoherent cross section of

H

hydrogen o;,.=79.9 barns is much higher than both the incoherent and the coherent cross

sections, G, and o..p, Of all the other elements, the scattering is predominately incoherent**®!
and is due to the hydrogen atoms in the specimen. Sinc(¢,®) is the time-Fourier transform of
the intermediate incoherent scattering function Si,(¢,f). The latter is the space-Fourier
transform of the Van Hove self-correlation function Ggee(7,f) that expresses the probability

that a considered particle j has experienced a displacement » during a time interval ¢. Herein,
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we omit the subscripts in the notation and limit the discussion concerning the dynamics only
to the incoherent contribution.

Quasielastic high-resolution neutron backscattering experiments were performed at the
IN16 and IN10 spectrometers of the Institut Laue Langevin (ILL). The incident wavelength is
A=0.6271nm. The experimental resolution function, R(q,w), is obtained by performing
measurements at 2K, when the scattering of the samples within the observation window of
the instrument is entirely elastic. The measured dynamic structure factor, Sexp(q,m), is
analyzed by assuming an elastic and a quasielastic contribution to the scattering. The latter is
represented by a KWW stretched exponential relaxation function convoluted with the

instrumental resolution:
Sop (@,0) = Al(q)(Az(q)R(q,co) +1-4, (q)]%W{exp(—(r/r)"‘)R(q,r)}j M

Ay(q) is the elastic contribution, t is the relaxation time, whereas R(q,f) was obtained
analytically by fitting the instrumental resolution function R(g,w) with a sum of a Gaussian
and a Lorenzian function.*> #T {...} signifies the Fourier transform of the term in {...} and
Ai(g) is a multiplication factor, which accounts for the uncertainty in the exact composition
of the silicates and, thus, in their scattering length density.

In addition to the quasielastic spectra, the energy resolved elastically scattered

intensity from the samples is measured as a function of temperature using an identical setup
of monochromator and analyzer. The elastic intensity /,(g,0=0) = J s (¢, ®R(q,0)do is

recorded with the Doppler monochromator at rest corresponding to an instrumental resolution
of ~1peV. At 2K, the samples consist of essentially elastic scatterers; with increasing
temperature, the molecular dynamics is enhanced, which leads to a broadening of the
scattering function and a corresponding loss of the elastically scattered intensity. The
scattering vector dependence of the elastically scattered intensity at each temperature can be

utilized to extract the mean square displacement, <u’>, according to the equation

1,(¢:0=0)=1,(q=0,0=0)exp(~(u")q" /6) )

Dielectric Spectroscopy (DS): Dielectric relaxation spectroscopy measures the

8384 1t is based on the interaction

dielectric properties of a medium as a function of frequency.
of an external field with the molecular electric dipole moment and the determined quantity is

the complex dielectric permittivity:
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£ (0)=¢(0)—ic"(®) (3)
where &' represents the real part and €" the imaginary part or the energy loss part, ® = 2ntv and
v the measured frequencies. The measured ¢* is given by the one-sided Fourier transform of
the time derivative of the dipole-dipole correlation function C(t), which probes local motions
for non-zero dipole moment perpendicular to the chain contour.

The dynamic measurements were performed utilizing a Novocontrol dielectric
spectrometer, in the frequency interval 10°-10" Hz. A film (hundreds of nanometers) of the
material under study was placed in a stainless steel parallel plate capacitor. The temperature
was controlled through a heated flow of nitrogen gas, by Quatro Cryosytem in the range 143—
433 K. During measurements, samples were kept in a pure nitrogen atmosphere. All samples
were kept at the highest starting temperatures for 30 min before the measurements began and
were thermally equilibrated at successively decreasing temperatures prior to data collection.

The &'(w) data were analyzed utilizing the empirical Havriliak-Negami (HN)

. 84
functions:

g(w) =&, + Ae / [1+(iot,,)" ]’ “)
where 7y is the characteristic relaxation time, Ae = &' — &' is the relaxation strength of the
process and a, B (0 < a, aff < 1) describe the symmetric and asymmetric broadening of the
distribution. An additional ionic conductivity contribution at low-frequencies and high
temperatures is accounted for by an @™ dependence. Alternatively, the experimental £"(w)
were inverted®® based on a modification of the CONTIN program, % to determine the

distribution of relaxation times F(Int) assuming a superposition of Debye processes:

£"(0)= [ F(In r){mr/[1+(mr)2}} d(In) (5)
where the integral of F(Int) results in the dielectric strength Ae and the most probable

relaxation times correspond to the maxima of F(Int).

Alternatively, the electric modulus, M (@) = 1 / € (), representation of the dielectric
data can be used; in the latter case the ionic mobility can be extracted in addition to the

polymer mobility.

II1. Results and Discussion

In the following, we are going to discuss in some detail the dynamics of three

different systems, an organophilic linear poly(methyl phenyl siloxane), a hydrophilic linear



Soft Matter

poly(ethylene oxide) and a series of hyperbranched polymers, in bulk and under severe
confinement within the galleries of layered silicates. The discussion will be based on our
investigations on these systems but it will put these works in the context of other works in
this field as well. We will examine the dynamics over multiple length and time scales such as
the methyl group rotation, the rotation and/or reorientation of small side groups (usually
referred as y- and B-relaxation) as well as the segmental a-relaxation, which is due to the
cooperative motion of a few segments of the chains and which is related with the glass
transition. The processes which are observed in the confined systems and are found to exhibit
a different behavior than the respective ones in the bulk will be noted with a prime in the

corresponding letter of each relaxation process.

Organophilic linear PMPS

Poly(methyl phenyl siloxane), PMPS, is a polymer that possesses both a methyl group
and a pendant phenyl ring (Scheme 1), so it shows rich dynamics both below and above the
calorimetric glass transition temperature. A few studies exist in the literature where
experimental techniques, like quasielastic neutron scattering,zz’3 0-87 dielectric relaxation

87,88

spectroscopy, and light scattering® " have been utilized; nevertheless, the majority of

them were related to the dynamics of PMPS in the bulk and only few to the relaxation of
PMPS under confinement,?>#0-+34448:91

Figure 1 shows the X-ray diffractograms of the organophilized silicate” and the
PMPS nanohybrids with different polymer concentrations prepared by melt mixing.***"%
The amorphous PMPS (not shown) exhibits only a weak amorphous halo whereas the
organosilicate shows a main diffraction peak at 26=3.5+0.1°, which corresponds to an
interlayer distance of dyo;=25.0+1.5A. This peak is relatively broad and the first and second
maxima are not exactly equidistant in the 20 scale, which indicates that the coherence of the
organoclay structure is not high.94’95 Additionally, discontinuities and/or defects located at
the boundaries of the silicate tactoids were found responsible for the not-perfect diffraction
pattern.” The shift of the main peak to an angle 20=2.45+0.1° for the nanocomposites is due
to the intercalation of the polymer chains within the galleries of the inorganic material. The
nanocomposite spacing is dpp;=36.0£1.5A, i.e., it has increased by ~10A for all hybrids
independently of the polymer content. For all these nanocomposites but the one with 70wt%

PMPS, it is estimated that the polymer chains are mostly intercalated within the galleries

without much polymer residing outside the completely filled galleries.
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The dynamics of the confined polymers in hybrids with low polymer content were
investigated early on utilizing dielectric relaxation spectroscopy™ and compared to that in the
bulk. Since PMPS possesses a dipole moment perpendicular to the main chain, its segmental
motion is dielectrically active. The dielectric loss data for bulk PMPS showed a single
relaxation process above 223K, i.e., above the polymer glass transition temperature,*® which
exhibited a strong temperature dependence and could not be measured above 258K because it
became too fast. On the other hand, the dielectric spectra of the nanohybrids showed the
presence of dynamics even at temperatures much below the bulk polymer T,; the process
exhibited a very weak temperature dependence and was observed within the accessible
frequency window for temperatures 173-243K. The shape of the relaxation process was quite
similar with the process observed in bulk PMPS with only a weak dependence on temperature
observed in the hybrids in contrast to its insensitivity in the case of the bulk polymer. It is
noted that the dielectric loss for the silicate was very broad and its contribution was
subtracted from the spectra of the nanohybrids before the analysis.

Figure 2, shows the most probable relaxation times, obtained from the analysis of the
experimental dielectric loss data according to Eq. 5, in an Arrhenius representation for both
the bulk and the confined PMPS.** The solid line represents the relaxation times of the bulk
PMPS that corresponds to the segmental o-relaxation observed above Ty; the temperature
dependence follows the Vogel-Fulcher-Tammann (VFT) equation t = 1o exp[B / (7-7y)], with
76=1.7x10"%s the microscopic time, B=440+30K the activation energy parameter and
To=195£2K the Vogel temperature. The dynamics of confined PMPS was, however,
intruiging.** A very fast process was found to dominate the dielectric spectra. This process
showed a very weak, almost Arrhenius, temperature dependence; its dynamics appeared to
merge with the dynamics of the bulk PMPS at high temperatures whereas it was almost six
orders of magnitude faster than the bulk segmental process in the proximity of the bulk 7.
Moreover, it was observed for a broad range of temperatures even below the bulk 7,. The
attempt to analyse the relaxation times of this process with a VFT equation resulted in a
Vogel temperature of 7;5=9312K, i.e., ~100K lower than in the bulk, and an activation energy
parameter of B=962+20K more than double than the one of the bulk; the microscopic time is
76=0(10"%s). The fragility parameter, D=B/T, is 2.3 for PMPS whereas it becomes D=10.3
for the confined chains indicating that the confined PMPS behaves as a stronger glass (more
Arrhenius-like), i.e., confinement influences a conformational rearrangement. This relaxation

process observed in all PMPS hybrids is considered as the modified segmental relaxation of
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the confined PMPS and is noted as a'-process from here on. At high temperatures, a slow
process was evident with a weak dielectric strength and its relaxation times coinciding with
the ones of the bulk polymer; most probably, this was due to the segmental motion of PMPS,
which lied outside the galleries of the nanocomposites. Finally, an intermediate process
appeared in the same frequency range with a process observed in the bare inorganic material,
which remained either due an imperfect subtraction or due to an enhanced dielectric strength
in the nanohybrids.

The fast dynamics can be understood within the postulate of cooperatively rearranging
regions with a characteristic length-scale &’ which is temperature dependent. According to
this model, at high temperatures, & is small and, thus, no difference should be expected
between bulk and confined PMPS. As temperature decreases towards 7, the dynamics
deviate from the Arrhenius temperature dependence at the onset of cooperativity. In the bulk,
& increases unhindered as & = &y [T/ (T - T, 0]*”, whereas, in the confined systems, the
increase is limited by the confining length d~Inm (in the current case). Actually, an attempt
for the quantitative verification of such an assumption was performed;” the bulk PMPS data
were analyzed within the coupling model and the primitive relaxation times 1o were estimated.
For temperatures above 7, the values of 1y and of the relaxation times of the confined
polymer coincided illustrating the lack of cooperativity for the confined system. Alternatively,
the existence of faster dynamics could be discussed in terms of the chains adopting a parallel
configuration next to a wall with oscillations in the monomer density profile causing a
dynamic anisotropy with enhanced parallel and reduced perpendicular monomeric mobilities
extending over distances, which increase with supercooling. Under severe confinement, this
“interphase” extends over the whole film, thus, leading to fast dynamics.

Dielectric relaxation spectroscopy is a macroscopic technique; thus, quasielastic
neutron scattering, a technique that can probe dynamics over different length scales
(correlated with its range of scattering wavevectors), was employed to extent the
investigation of the dynamics of PMPS under confinement. PMPS possesses both a methyl
group and a pendant phenyl ring; thus, its dynamics corresponds to the methyl group rotation,
the phenyl group flips as well as the segmental relaxation. The study of the nanohybrids
probes the influence of confinement on all these different processes.

Energy-resolved elastic scattering and dynamic quasielastic measurements were
performed over a very broad temperature range.”” Figures 3a-c show elastic temperature

scans for PMPS, for the organosilicate and for a PMPS nanohybrid with 25wt% polymer
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content (PMPS25) at various wavevectors. All curves are normalized to the data at the lowest
temperature. For the bulk polymer, two distinct relaxation steps, especially pronounced at
high wavevectors, were evident in the energy-resolved elastically scattered intensity. The first
step at temperatures between 50-150K was attributed to the rotation of the methyl side groups
attached to the polymer chains whereas the second one at temperatures higher than the
calorimetric 7, of the polymer was assigned to polymer segmental motions, which become
unfrozen near and above the polymer 7,. The data for the silicate exhibited a continuous
decrease with increasing temperature. This decrease could be attributed to the motion of the
protons of the surfactant chains used for rendering the surface of the silicate organophilic,
which gradually became unfrozen at temperatures above ~150K. The temperature
dependence of the elastic scattering intensity for the PMPS25 nanocomposite exhibited two
relaxation steps as well, similar to the ones observed for the bulk PMPS: a step at the
temperature range (50-150K) of the methyl group rotation and a very broad decrease at
temperatures in the range of the bulk polymer 7,. If one attempted to compose a weighted
average of the contributions from the silicate and the bulk PMPS, a close agreement was
achieved only in the range of the methyl rotation but not at higher temperatures. The step in
the composed weighed scan is much narrower near 7, in comparison to the measured scan for
the composite, indicating the onset of mobility for the confined polymer at temperatures
lower than in the bulk.*

The wavevector dependence of the elastic intensity at each temperature provides the
mean square displacement, <u>>, according to Eq. 2. Figure 3d shows <u>> for the PMPS, the
organosilicate and the nanocomposite PMPS25 as a function of temperature. The temperature
dependence of the mean square displacement clearly illustrates the discussion above on the
elastically scattered intensity. For bulk PMPS, <u®> first increased with temperature above
~50K, as the methyl group motion becomes active, it reached a plateau when this motion
became too fast for the time window of the IN16 spectrometer, it subsequently increased
again when the second kind of motion became active and, finally, it appeared to approach a
second plateau like region at high temperatures. The <u® of the organosilicate was almost
zero up to about 150K whereas it began to increase gradually above this temperature due to
the gradually increasing mobility of the surfactant chains. The data of the nanocomposite
superimposed perfectly with the data for the homopolymer in the temperature range where
the methyl rotation was observed, which was apparently exactly the same for both bulk and

confined PMPS. In contrast, the behavior of <u™> near the T, exhibited differences between



Soft Matter

12

the nanocomposite and the bulk homopolymer. For the nanocomposite, the second increase
began at temperatures below the 7, of the pure polymer and <u®> attained values much
higher than the respective ones for bulk PMPS. This, in principle, agrees with enhanced
mobility and an apparently lower effective glass transition temperature for the confined
system; however, differential scanning calorimetry (DSC) measurements do not trace any
thermal transition for PMPS25. Nevertheless, since the enhanced mobility could be related to
the observed mobility of the surfactants in the organosilicate near T=150K, the sum of <u*>
of the pure polymer and the silicate was calculated and compared with the <u”> of PMPS25.
This sum, represented as the solid line in Fig. 3d, more or less followed the data for the <u”>

of PMPS25 in the low temperature regime but above ~220K (close to the bulk polymer 7})

the <u”> of the nanocomposite deviated significantly from it, indicating accelerated dynamics.

Quasielastic neutron scattering measurements were performed at temperatures that
cover both regimes to probe the methyl rotation and the segmental motion.” Figure 4a shows
the incoherent structure factor of PMPS and PMPS25 at 7=100K, well below the bulk 7, for
a wavevector q=1.1A'1. The two measurements are very similar, especially in the quasielastic
wings, and differ only in the elastic scattering intensity. The instrumental resolution measured
at T=2K, where all scatterers are frozen, is included to illustrate that there is a small but
considerable broadening and, thus, dynamics in both PMPS and PMPS25. The spectrum of
the organosilicate at this temperature, on the other hand, coincided with the resolution (times
a multiplication factor), which means that there is no molecular dynamics within the present
frequency window; thus, whatever motion is probed in the nanocomposites is related to the
moving protons of the confined polymer. The motion that corresponds to the spectral
broadening in this temperature range should be associated with a local motion, the methyl
group rotation.* Fitting the experimental data with Eq. 1 (Fig. 4a) provides the elastic and the
quasielastic contributions to the spectra as well as the relaxation time of the motion. The
wavevector dependence of the average relaxation times for PMPS and PMPS25 for different
temperatures below 7, are shown in Figure 4b. The average relaxation times, Taye, are

calculated using the estimated characteristic times of the KWW function of Eq. 1, t=txww, as
© B _ . .
T, = J.O exp[—(t/rKWW) Jdt = (zgyy / B)T(1/ B), where B is the stretching exponent and

I'(x) the Gamma function with argument x. It is clear that, over the wavevector range covered
by IN16, the relaxation times are independent of the wavevector q, verifying that it is a very
local process. The relaxation times become faster with increasing temperature with the data

exhibiting an Arrhenius temperature dependence with the activation energy Emeihy =
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2.90£0.30 kJ/mol, which is somehow smaller than the values quoted for methyl rotation in

131617 The relaxation times obtained for PMPS25 at T=100K were only slightly

other systems.
faster than the respective ones of the bulk polymer (Fig 4b), in agreement with the elastic
measurements indicating that such local processes are not affected by the confinement.

The situation changes as the temperature increases in the range of the bulk polymer 7,
where other motions become active. For the polymer in the bulk, the data illustrated the
absence of any dynamics within the frequency window of IN16 for temperatures between
120K and 220K, whereas the dynamics at 240K was attributed to the phenyl ring flips and
that at 300K was assigned to a clear a-relaxation; between 240 and 300K, a coupled phenyl
flip and segmental motion contribute to the spectra. At T=300K, the relaxation times decrease

2604040 i contrast to the g-independent relaxation times

with increasing wavevector as Taye~q
of the methyl group rotation but in agreement with the expected behavior of the segmental
relaxation; the relaxation times for the segmental relaxation at 300K are in a relatively good
agreement with those of earlier studies on PMPS.>***% A clear difference is observed in the
dynamic behavior of the nanohybrid. Whereas, at T=220K the dynamics of bulk PMPS were
too fast to be measured, the data for the PMPS25 nanocomposite exhibit a broadening due to
some kind of molecular dynamics in agreement with the mean-squared displacement data in
Fig. 3d, which showed that <u*> for PMPS25 deviated from the plateau of the PMPS and
already began to increase at temperatures ~175-180K. Nevertheless, a broadening of the
incoherent structure factor was also observed for the silicate at 220K, which, when analyzed,
resulted in a quasielastic contribution that was very similar to the respective one for the
nanocomposite. [t was, thus, apparent that the observed dynamics in the nanocomposite at
this temperature was significantly influenced by the motion of the surfactant chains utilized
to render the silicate surfaces organophilic. The behavior was quite similar at even higher
temperatures and one, thus, had to conclude that the observed process in the nanocomposites
was a coupled motion between the motion of the confined polymer and that of the surfactant
chains, which contain an abundance of hydrogen atoms.

Thus, it is assumed that the very local methyl group rotation is not affected by the
confinement whereas above Ty, the effect of spatial restriction cannot be investigated in this
system. The former conclusion, i.e. the fact that the local motion does not depend on the
confinement was demonstrated, as well, by comparing the mean squared displacement of
PMPS homopolymers of different molecular weights in the bulk and under confinement

either between the platelets of layered silicates or within porous glasses of different pore size
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in the range between 2.5-7.5 nm.* For temperatures up to T=150K, there was a very good
superposition of all mean squared displacement values, <u”>; moreover values for <u”> of
poly(dimethyl siloxane), PDMS, in the bulk and confined in porous glasses were
superimposed as well with the ones of PMPS when the number of slower protons of the
phenyl group (in the PMPS) was taken into account. For temperatures above the glass
transition temperatures of the polymers, deviations in the superposition of the <u”> of the
various systems were observed. The dynamics of PMPS confined in porous glasses was
investigated in detail as well by dielectric spectroscopy and quasielastic neutron scattering
and the results were compared to the ones in the bulk.*****' For pores up to 7.5 nm, the
relaxation rates were found to follow a VFT temperature dependence whereas for a pore size
of 5 nm this dependence became Arrhenius with a low activation energy. The relaxation
times are faster for low temperatures and cross the ones of the bulk at higher temperatures.

Moreover, thermally stimulated differential scanning calorimetry*®’'

showed that at the same
pore size, ACp vanishes, indicating a dramatic change in the character of the motion and
supporting the existence of a characteristic length scale for the cooperativity of the motion to
set in. These results were in agreement with QENS findings on the mean squared
displacement, which decreased with the confinement. Similar investigations were performed
for PDMS and poly(propylene glycol) with basically similar results. In the latter case,”® the
critical length-scale for cooperativity was smaller than that of PMPS with values ~1.6-1.8nm,
whereas an interplay between confining and adsorption effects was observed depending on
the pore size.

In order to overcome the complications due to the surfactant molecules and to be able
to study the segmental dynamics of the polymer under severe confinement in the absence of
any coupling, nanocomposite systems without surfactants should, in principle, be utilized.
Such a case is that of a hydrophilic polymer that can intercalate within the layers of
hydrophilic silicates. Along these lines, the dynamics of poly(ethylene oxide) homopolymer
severely confined between the layers of sodium-activated montmorilonite, Na'-MMT, was

investigated.

Hydrophilic linear PEO
Poly(ethylene oxide), PEO (Scheme 2), is a nonionic, water soluble, semi-crystalline

polymer with many applications due to its flocculent, thickening, sustained-release,
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lubrication, dispersing, and water-retention properties. Its hydrophilicity, biocompatibility
and versatility make it attractive as a biomaterial as well. Additionally, PEO is a favorable
candidate for the development of solid polymer electrolytes with high ionic conductivity
because of its ability to dissolve large amounts of salt and because of its structure, which
supports ion transport.””! 0101102103 Dyegnite its pronounced crystalline character that hinders
cation mobility, PEO-based electrolytes are still among the most studied polymer ionic
conductors, with various methods having been developed to increase the fraction of its
amorphous phase and improve its conductivity at ambient temperatures.'”""'** A promising
way to control polymer crystallinity is the incorporation of inorganic nanoparticles such as
nanoclays; %1919 this can additionally increase the mechanical and thermal stability of
the material and, thus, improve its final performance. Investigation of PEO intercalated
within lithium-activated montmorillonite, Li"-MMT, by solid state “H-NMR'®" and thermally
stimulated depolarization current® revealed that both the local and the global dynamics of
PEO confined between the layers of layered silicates are dramatically different from those in
the bulk.'”'**!'” On a local scale, intercalated polymer chains exhibit higher flexibility along
their backbone with a marked suppression (or even absence) of cooperative dynamics
typically associated with the glass transition. On a global scale, relaxation of polymer chains
either tethered to or in close proximity (<1 nm as in intercalated hybrids) to the host surface
are dramatically altered and parallel those of other intrinsically anisotropic materials such as
block copolymers and liquid crystals. ’H NMR measurements of perdeuterated PEO in the
bulk and when intercalated in 0.8nm gap between the layers of Li-fluorohectorite showed that
motion starts to develop at lower temperatures indicating increased segmental motion for the
confined polymer. Nevertheless, despite the behavior at low temperatures, at higher
temperatures the layered silicates seem to restrict motion so that some local configurations of
the chains are not accessible.'"*'"” Moreover, differential scanning calorimetry and thermally
stimulated current measurements show no clear peak in the spectra of the intercalated PEO in
the temperature range of the bulk glass transition temperatures indicating that cooperative
relaxations, even if present, are very weak.®*'"” Additionally, the dynamics of PEO has been
studied when the chains are confined within laponite,”® the pores of anodic aluminium

334109 1 petween the layers of other polymers”o with sometimes

oxide,'*® graphite oxide,

contradictory results.
The PEO segmental motion was probed in a PEO/laponite intercalated phase, over the

tens of microseconds time scale, using °C and 'H solid state NMR.”® A significant slowing

down of the motion was observed, as compared to the local dynamics in the amorphous phase
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of bulk PEO whereas strong dynamical heterogeneities in the intercalated PEO are still
observed even at room temperature. This decrease in the segmental mobility was attributed to
the complexation of PEO oxygens by the Na' counterions in the laponite galleries, which act
as physical crosslinks. In another investigation, the structure and dynamics of end-labeled
PEO intercalated within the galleries of a fluoromica inorganic clay were studied by spin-
label electron spin resonance (ESR).'"! For low PEO content and confining length of 0.33nm,
the ESR spectra indicated a very low segmental mobility even at high temperatures, which
was attributed to the strong polymer interactions with the charged mica surfaces. For higher
polymer content and confining length of 0.83nm, both a slow and a fast motional component
were observed attributed to segments located close to and away from the solid walls within
the galleries. Moreover, the activation energy of the fast segmental motion was lower than
that of the bulk PEO. This fast motion with the low activation was attributed to a reduced
segmental density and reduced cooperativity of the confined PEO chains. Confinement of
PEO was investigated when the PEO chains have been intercalated between the layers of
graphite oxide, GO, as well.”® In that work, it was shown that the intercalation of polymer
chains does not only lead to the suppression of polymer crystallization but also in the
suppression of the dielectric a-relaxation that is related to the glass transition together with a
slowing down of the PB-relaxation modes. The fact that no segmental relaxation could be
observed suggests the lack of cooperativity among intercalated PEO chains in agreement with
the results described above. In order to identify the two processes, the dynamics of short PEO
chains of different molecular weights were investigated in the bulk and under confinement
within the GO galleries utilizing dielectric spectroscopy.’*'" In the bulk, two molecular
weight dependent processes were obtained, identified at the - and o-relaxation. Two
processes are found under confinement as well; however, they are observed at different time
scales and with different dependencies. The relaxation times of the fast process under
confinement do not show any dependence on the chain length but they exhibit a change in the
activation energy of the Arrhenius temperature dependence. At higher temperatures, the
obtained activation energy resembles the one of the bulk whereas, at lower temperatures, a
lower activation energy is obtained attributed to a different conformation of the chains within
the galleries. The slow motion is much slower that the bulk segmental relaxation and it is
attributed to interfacial polarization. The authors correlated the absence of the segmental
relaxation under confinement with the absence of any detectable glass transition in these

systems indicating lack of cooperativity.
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At the same time, molecular dynamics computer simulations revealed that PEO
adopts highly amorphous conformations in a liquidlike bilayer inside the galleries of
montmorillonite and shows no indication of crystallinity or periodic ordering; confined
chains are less ordered than the most disordered bulk PEO system due to both the severe
confinement and the coordination of the ether oxygens with the alkali cations in the
galleries.”''* Moreover, a coexistence of fast and slow relaxation times was observed for the
nanoscopically confined chains, over a wide temperature range, in agreement with NMR
measurements. This was attributed to fast relaxing C—H segments, primarily present in
regions of low local density and no/few coordinated lithiums, whereas lithium coordination to
the ethylene oxide groups resulted in anchoring chains on the confining walls, inducing
solidlike segmental dynamics even at high temperatures.'

The dynamics of a series of PEO/Na'-MMT nanocomposites with polymer content
that covered the whole range from pure polymer to pure clay, prepared utilizing melt
intercalation, has been investigated as well.*>">!"*!"> Figure 5 shows the XRD measurements
of the pure PEO, the Na'-MMT and the nanohybrids.45’72 Pure Na'-MMT exhibits a main
(001) diffraction peak at 20=8.8°, which corresponds to an interlayer distance of ~1.0 nm.
Upon addition of PEO, the peak shifts towards lower angles due to the polymer intercalating
within the inorganic galleries. For PEO/Na’-MMT with polymer content 30wt% and higher,
the diffraction peak has shifted to 26 = 4.8° corresponding to an interlayer distance of ~1.85
nm. In this concentration range, bi-layers of intercalated PEO chains exist within the
galleries, in agreement with computer simulations.®” For lower PEO content, mono-layers of
polymer chains were also observed inside the galleries with an interlayer distance of ~1.3nm.
In all cases, the presence of diffraction peaks that correspond to higher order reflections
evidences the coherence of the intercalated structure.””

Poly(ethylene oxide) is a semi-crystalline polymer that crystallizes in a monoclinic
unit cell. Its crystalline structure has been studied in the past with a series of experimental
techniques like XRD and infrared and Raman spectroscopies. The X-ray data for bulk PEO
(Figure 5) show a series of crystalline diffraction peaks with the scattering angles of the main
ones observed at 260=19.0° and 26=23.1° in a very good agreement with those reported in the
literature. '€ 171819 The diffractograms of the nanocomposites showed peaks that
correspond to crystalline PEO only for polymer concentrations higher than ~70 wt%. The
absence of these diffraction peaks from the data of the nanocomposites with lower PEO
content indicates that the intercalated polymer as well as the chains that are in close

proximity to the inorganic surfaces are amorphous; it is only the excess polymer outside the
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completely filled galleries and away from the outside walls of the inorganic particles that is
able to crystallize. Thus, the crystallinity drops abruptly to zero at a specific composition of
the nanohybrids; this is verified by DSC as well as infrared and Raman spectroscopies.”” The
existence of a disordered liquid-like structure inside the galleries has been predicted by
computer simulations as well.*” Furthermore, it was found that the conformation of the
confined chains are significantly modified from the bulk polymer in the melt and that the
number of gauche conformations and, thus, the disorder of the structure increases in
confinement.”” Note that a similar series of nanocomposites prepared utilizing solution
intercalation gave exactly the same results, thus, certifying the attainment of equilibrium in
both cases.

The polymer dynamics in the intercalated hybrids was investigated utilizing dielectric
relaxation spectroscopy in the frequency range 107 to 10° Hz.* Figure 6 shows the imaginary
part of the electric modulus, M"(w), as a function of frequency for pure PEO and different
PEO/Na"-MMT nanohybrids at 203 K, i.., close to the bulk polymer T, g.45 At this
temperature, a local B-process and a segmental o-process are evident in the spectrum of the
bulk PEO. A process appears, however, in the nanocomposites at intermediate frequencies,
which is termed o; this process gains intensity in the composites at the expense of the slower
a-process. Moreover, although the B-process is present at all nanocomposite spectra, the o-
process is observed only in the polymer-rich composites, i.e., in nanohybrids with both
intercalated and excess PEO chains outside the galleries. This behavior is very similar to the
one observed in the dielectric measurements of confined PMPS, discussed above.

The most probable relaxation times of the PEQ/Na'-MMT hybrids are shown in
Figure 7 as exemplary cases of the rich nanocomposite dynamics.* The relaxation times of
the a-process for bulk PEO conform to the Vogel-Fulcher-Tammann equation t = 1y exp[A /
(T-Tp)], with 16=1.0x10""s the high temperature intercept, B=2700 K the activation energy
parameter and 7,=112%10K the Vogel temperature. The relaxation times for the -process of
the pure PEO follow an Arrhenius temperature dependence with a single activation energy
E=35 kJ/mol. For the PEO/Na'-MMT 50/50 hybrid as well as for all hybrids with lower PEO
content, the usual PEO a-process is not observed at all. The PEO segments are all confined
within the galleries and relax with the faster o'-process, which exhibits an Arrhenius
temperature dependence with a single activation energy.45 The fast local B-process is
observed with a rate comparable to that of bulk PEO due to its local character. In contrast, for

the PEO/Na’-MMT 70/30 and 80/20 composites, with excess PEO outside the galleries, both
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the a- and B-processes are observed almost identical to those of pure PEO. This a-process is
due to the segmental motion of the amorphous regions of the PEO chains that reside outside
the galleries and crystallize similarly to bulk PEO. The o'-process, with dynamics
intermediate between the o- and B-processes, is observed in these systems as well, with
dielectric strength that is an increasing function of the clay content, i.e., of the ratio of
confined to unconfined chains. The process is due to PEO confined within the galleries. The
activation energies of the Arrhenius ao'-process vary systematically from 2843 kJ/mol for the
80/20 to 1242 kJ/mol for the 30/70.*

The main finding, i.e., the existence of a relaxation process intermediate between the
o~ and PB-processes, which exhibits Arrhenius temperature dependence and is due to the
segmental motion of the confined chains, is in a very good agreement to what was observed
in the case of the organophilic PMPS.*" Nevertheless, the o'-process in PEO/Na™-MMT
follows an Arrhenius dependence which should be contrasted with the weak VFT one
observed in confined PMPS. This may reflect the fact that bulk PEO is less fragile than
PMPS with a steepness index m (=d[logt(7,)]/d(T/T) at ©(T=T¢)=1 s) of 22 compared to 73
for PMPS.* Alternatively, it may be due to the different inter-molecular cooperativities of
PEO and PMPS: PEO, with the small monomeric volume and flexible backbone, is expected
to be predominantly intra-molecularly cooperative'*’ whereas PMPS, bearing a bulky side
chain, more inter-molecularly cooperative.m’122 Thus, Epro<Epmps, giving rise to the observed
Arrhenius dependence. At the same time, the relaxation times of the confined systems are
found to be in a very good agreement with the primitive relaxation times of bulk PEO,
calculated based on the coupling mode, thus indicating a lack of cooperativity.'> Moreover,
the local B-process is not affected by the confinement, similarly to the local methyl group
rotation (a motion that is not dielectrically active) probed by QENS for PMPS.

Quasielastic neutron scattering measurements were performed in these systems as
well to investigate the dynamics of bulk and confined PEO.'**:'* Figure 8a shows
temperature scans of the energy resolved elastic intensity measured on IN16 for the PEO
homopolymer, the Na"-MMT silicate, and the nanocomposite with 30wt% PEO at g=1.29A™",
The energy-resolved elastic intensities were normalized to the value at T=2K where all
dynamics is frozen. The scan for PEO exhibits two distinct relaxation steps. The first starts
above T=200K and is related to the segmental motion of the amorphous portion of the semi-
crystalline homopolymer above its 7,. The second is an abrupt drop of the intensity at the

PEO melting temperature, 71,, which indicates that the polymer motion has become much
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faster than the energy resolution. The data for the silicate exhibit a continuous small decrease
with increasing temperature around the 7;, of water and almost reach a plateau at high
temperatures. The intensity for the nanocomposite exhibits a broad decrease, whereas there is
no evidence of a sharp drop due to melting similar to the one observed for the homopolymer,
in agreement with XRD and DSC results that indicate that at the specific composition there is
no crystalline PEO present in the specimens.

Quasielastic measurements were performed for temperatures between 7T, and Ty, for
the bulk PEO and even above the bulk 7}, for the nanohybrid, following the findings of the
elastic measurements. Figure 8b shows quasielastic spectra of the three samples at T=345K,

which is above the melting temperature of bulk PEOQ.'**1%

The figure shows the inelastic
wings (10% of the maximum intensity for the silicate) of the spectra whereas the instrumental
resolution is included for comparison. For the homopolymer, very weak scattering is
observed resembling a weak constant background indicating that all motions of the PEO are
too fast (faster than 50ps) to be reliably determined by IN16. The data for the silicate cannot
be distinguished from the resolution indicating no dynamics within the accessible dynamic
range. The presence of dynamics within the experimental window is clear for the confined
system. Analysis of the QENS data for the nanocomposite with Eq. 1 results in a process with
relaxation time T,,.=193ps for the intercalated polymer that has been strongly affected by the
confinement. It is noted that, at temperatures well below the T3, of bulk PEO, the dynamics of
the bulk and the confined polymer was very similar. Since for temperatures above the PEO
melting temperature, the polymer dynamics were too fast to be determined by IN16,
measurements were performed at spectrometer IN6, which has different resolution.'® This
provided the opportunity to combine measurements from two different spectrometers and,
thus, increase the accessible time range over which one can probe the dynamics.

Quasielastic neutron scattering was also utilized to investigate the dynamics of a
linear hydrophilic glassy polymer, poly(hexa(ethylene glycol) methacrylate)), PHEGMA,
intercalated within Na'-MMT.”* Both elastic and quasielastic measurements were performed
and showed that the confined system exhibited much weaker temperature and wavevector
dependencies of the elastic intensity and of the respective relaxation times. The mean square
displacement in confinement in the neighborhood of the glass transition begins to increase at
temperatures well below the bulk polymer T, indicating enhanced mobility when compared
to the bulk polymer.

Therefore, in the case of linear polymers weakly interacting with the silicate surfaces,

confinement leads to faster segmental dynamics with weak temperature dependencies,
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whereas the very local motions remain practically unaffected. Next, the effects of
confinement on the dynamics for more complex polymer architectures, like hyperbranched
polymers, were investigated in order to probe the effects of both the architecture and of the
varying interactions with the inorganic surfaces via the functional groups existing in the

molecules peripheries.

Hyperbranched Polymers

Hyperbranched polymers, HBPs, are a relatively new category of highly branched
materials, which have three dimensional tree-like structure and polydispersity. '26:127:128:129
HBPs show unique features, like low viscosity at high molecular weight, high solubility,
miscibility and reactivity influenced by their end groups, whereas they have the additional
advantage of a cost-effective synthesis when compared to dendrimers due to their one-pot
synthetic method and the lack of need for tedious purification procedures. HBPs can be used
in industrial applications,'*” as additives in coatings,'’' membranes'** and batteries,'** as

134 .
as well as in the

nanoscale catalysts, as additives in conventional epoxy resins,
pharmaceutical industry and medicine for the encapsulation of substances, targeted delivery
of drugs, as therapeutic agents, as in vitro diagnostics for cardiac testing, contrast agents for
MRI, etc.'?!3¢ Up to now, their dynamics have been investigated experimentally in the bulk

mainly for temperatures lower that the glass transition temperature'”’-!3%-139.140

utilizing
dielectric spectroscopy. Moreover, atomistic molecular dynamics simulations were performed
to examine the static and dynamic properties of HBPs in the melt over many length- and
time-scales and to investigate the formation and lifetime of intra- and inter-molecular
hydrogen bonds.'*'*'** Only recently their dynamics under confinement has attracted the
scientific interest showing both similarities and differences with that in the bulk as well as a
significant influence of the hydrogen bonds on the dynamics to be discussed herein.**’
Figure 9 shows the XRD data of hybrids composed of Na'-MMT'" and the
hyperbranched polyesteramide Hybraness’143 144195 (Scheme 3'*) as well as three generations
(H20, H30 and H40) of the hyperbranched polyester polyol Boltorn’”'* (Scheme 4) together
with the diffractogram of the pure clay. All samples have been prepared by solution mixing
and slow solvent evaporation following by thermal annealing for 24h at 200°C in a vacuum
oven to erase any metastable structures formed during solvent evaporation and achieve

equilibrium. Hybrane is amorphous and its diffraction pattern (not shown®) exhibits only a

weak amorphous halo. The three Boltorns (not shown’’) exhibit a weak peak superimposed
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on the broad amorphous halo that corresponds to a distance of ~0.5 nm indicating a chain
packing of the polymers probably due to a strong hydrogen bond network.'**!*”'*¥ The XRD
patterns of all the nanohybrids clearly indicate intercalated structures in all cases since the
diffraction peak of Na'-MMT that corresponds to a 1.0+0.05nm d-spacing shifts towards
lower angles in the hybrids; the 30 wt% Hybrane nanohybrid shows an interlayer distance of
2.10£0.05nm whereas the 50wt% Boltorn/Na"-MMT nanocomposites show d-spacings of
1.95+0.05 nm for H20, 2.05+0.05 nm for H30 and 2.15+0.05 nm for H40. Thus, a confined
polymer film of ~Inm thickness is present for all hybrids consisting of polymer bi-layers,” ~’
whereas it can be safely estimated that there is no significant excess of polymer outside the
completely filled galleries These systems are, thus, selected for the investigation of the
dynamics of hyperbranched polymers in confinement.

The dynamics of Hybrane and the hybrid with 30wt% polymer were investigated with
quasielastic neutron scattering.” The energy resolved elastic scattering for the polymer in the
bulk shows first a broad decrease at temperatures between ~80 and 220K and a second step at
temperatures higher than the calorimetric 7, g.ss At the low temperatures, the main chain is still
frozen, so the intensity drop is due to local sub-7, dynamic processes, which can be attributed
to the more mobile end- and/or side-groups, i.e., the methyl and the hydroxyl groups attached
to the polymer backbone. It is noted that the intensity drop herein is observed over a broader
temperature range than that corresponding to simple methyl group rotation in the literature

15,22 . .. .
which indicates either

(when measured at spectrometers with similar resolution),
additional dynamic mechanisms or different types of constraints for the motion that exist for
this system. The second step of the elastic intensity at temperatures higher than the polymer
T, is caused by the polymer segmental motions, which become unfrozen above 7,. Above
420K, the elastic intensity of the polymer has dropped to values close to zero, indicating that
all motions have become too fast for the experimental resolution of the specific instrument.
The energy-resolved elastic intensity for the nanocomposite with 30wt% Hybrane exhibited a
step-like decrease similar to the respective one of the polymer in the bulk for low
temperatures, due to the insensitivity of the very local end- and/or side-group motion to the

confinement.?**

For temperatures higher than the bulk polymer 7, however, the elastic
intensity does not drop to zero but shows a continuous decrease that is very similar for all
wavevectors. This means that after all sub-7, motions have relaxed, there is no motion within

the experimental window at these temperatures; i.e., the segmental dynamics of the polymer
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for some reason is suppressed for the polymer confined in the proximity of the inorganic
surfaces within the galleries.

This behavior is reflected in the mean square displacement, <u>>, extracted from the
wavevector dependence of the elastically scattered intensity at each temperature according to
Eq. 2. Figure 10 shows <u®> for the bulk polymer as a function of temperature as well as the
respective <u>> for the layered silicate and the nanocomposite. The <u®> of the polymer is
almost insensitive to temperature between 2-100K, it then weakly increases as the sub-T,
dynamic motions set in, it reaches a plateau and then it increases abruptly above the polymer
Ty, when the segmental motion becomes active. The <u®> of the inorganic material is quite
small and almost constant throughout the whole temperature range. The corresponding mean
square displacement of the hybrid shows an initial increase that is very similar to that of the
polymer following the same temperature dependence at low temperatures. For temperatures
above the bulk polymer 7, however, the <u®> does not show any further increase but remains
almost constant indicating the absence of any dynamics within the experimental time window
of IN10; this indicates that very few, if any, protons participate in the segmental motion of
the confined polymer and leads to the conclusion that the majority of the polymer segments
must be immobilized onto the inorganic surfaces of the silicate.

Quasielastic measurements were performed both at temperatures below and above the
polymer glass transition temperature to study the sub-7, and the segmental motions.” For all
temperatures below 7, (not shown), the incoherent structure factor, S(¢g,®), data for both the
bulk Hybrane and the Hybrane nanocomposite show a quasi-elastic broadening that is
independent of the wavevector, thus, corresponding to a very local motion; one could identify
this as the motion of the methyl and/or the hydroxyl groups of the Hybrane molecules. The
extracted relaxation times are, thus, wavevector independent whereas they exhibit Arrhenius
temperature dependence, 7 = 7y exp[E/RT]|, with activation energy of £=0.49+0.25 kJ/mol,
which is very much smaller than the values quoted for methyl rotation in other polymer
systems.” This difference in the behavior was attributed to the fact that methyls closer to the
molecule core are less mobile than methyls at the end of the branches whereas the hydroxyl
end groups, contributing to the dynamics at these temperatures as well, may participate in
hydrogen bonds formed between groups of the same (intramolecular) or of neighboring
molecules (intermolecular); the constraints due to the network of hydrogen bonds may
influence not only the motion of the hydrogens of the hydroxyl groups but, even more

importantly, may hinder the motion of the methyl groups.”>'*"'*” The dynamics observed in
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the nanocomposites (not shown) show similar behavior with that of the bulk polymer
verifying the local character of the process; nevertheless they are somewhat faster, a fact that
can be attributed to a reduced number of hydrogen bonds that can be formed under
confinement, since the molecules do not have the space to retain all possible bulk
conformations.

The incoherent structure factor S(q,) for the bulk polymer was measured at
temperatures higher than the polymer T, as well, i.e., at temperatures above 330K. Figure
11a shows the temperature dependence of the S(g,®) for a specific wavevector together with
the analysis of the experimental data for each temperature with the elastic and quasielastic
contributions; the broadening of the wings of S(g,®) with temperature that is accompanied by
a drop of the elastic intensity is evident. The S(g,®) for Hybrane at 390K for various
wavevectors is shown in Figure 11b; a strong wavevector dependence is observed with the
total as well as the elastic intensity decreasing with increasing wavevector. At the same time
molecular dynamics simulations were performed, in order to assist the interpretation of the
QENS data, and the intermediate incoherent structure factor S(g,f) was calculated over a six
orders of magnitude time-window (~10fs to ~10ns) for wavevectors similar to those
examined by QENS.”® Three processes were evident in the distribution of relaxation times;
one at the ps-timescale, which gains amplitude as ¢ increases, a second peak of lower
amplitude extending from 10ps to 100ps, which shows no significant dependence of its
amplitude on ¢, and a slower process at the ns-timescale, which loses amplitude upon
increasing wavevector (i.e., upon decreasing the examined length-scale). The fast process is
related to a very fast tumbling motion of the bond through which a hydrogen atom is attached
to the backbone, to a methyl or to a hydroxyl group, whereas the slower is associated with the
segmental relaxation. The intermediate process is correlated to a process that is intimately
related to a motion involving the polymer branches.”

Figure 12 shows the wavevector dependencies of the average relaxation times
obtained from the analysis of the experimentally measured S(g, @) of Hybrane (Figure 11a,b)
at temperatures above 7, as well as from the analysis of the calculated S(g, 7).>> The relaxation
times obtained from the simulation show different wavevector dependencies with the slower
segmental relaxation exhibiting the stronger one. The experimentally measured Tay. values lie
between the intermediate and the slow processes of the simulation, whereas they exhibit
different wavevector dependencies and show an apparent peculiar temperature dependence.

Comparison of these times to the respective ones from molecular dynamics simulations leads
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to the conclusion that, at the lower temperatures above T, the observed process is influenced
by both the intermediate and slow processes predicted by simulations and it is only at the two
highest temperatures that both the relaxation times and their wavevector dependence indicate
that the pure segmental relaxation is indeed observed.”

Figure 11c shows the experimental S(g, @) for the nanocomposite over a broad range
of temperatures above the T, of the bulk polymer. Nevertheless, further than a decrease of
the elastic intensity as a function of temperature, there is no quasi elastic broadening. The
data do not show any temperature dependence even at the highest temperature measured and
all spectra almost coincide with the instrumental resolution function, indicating frozen
dynamics at least for the experimental time range accessible by IN10. This result illustrates
the effect of both the confinement and the Hybrane/Na MMT interactions on polymer
dynamics. This agrees with previous works, where slower dynamics was observed when
strong attractive interactions exist between the polymer and the solid surfaces,’’®' 1" a5
well as with works that obtained a reduction of free volume with the incorporation of layered
silicates in polypropylene and polystyrene nanocomposites due to the “solidification” on the
clay platelets.lSl’152

In order to investigate whether the slower dynamics under confinement is found in
other hyperbranched systems as well, and at the same time to extend the time interval of the
experimental measurements, the Boltorn H20, H30 and H40 polymers and their Na'-MMT
hybrids with 50wt% polymer were studied by dielectric spectroscopy.’’ Figure 13 shows
representative spectra for three temperature pairs, below, slightly above and much above the
T, of the second generation hyperbranched polymer, Boltorn H20, in the bulk and for the
respective 50 wt% nanocomposite, together with their analysis utilizing multiple relaxation
processes expresses with Havriliak-Negami functions. At low temperatures below T, a very
broad peak covering almost seven orders of magnitude in frequency is observed (Figure 13a),
which shifts to higher frequencies as temperature increases. This is analyzed utilizing two
sub-7}, relaxation processes attributed to the motion of hydroxyl groups and/or the orientation
fluctuations of the ester groups, the so called y- and B-processes, respectively, according to
the literature.””"3*!1% All three generations of the hyperbranched polyester polyols
investigated, exhibit this broad peak at temperatures below 283K showing very similar
characteristics. At temperatures around the 7, of each polymer, another process appears
related to the glass transition dynamics (a-process) as identified by the quantitative analysis

(Figures 13c and 13e). At even higher temperatures (333-363K, depending on the generation)
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the observation of any relaxation processes is partially obscured by a dc conductivity
contribution for all the three polymers.

In the case of the nanocomposites, measurements were performed over a much
broader temperature range than the respective polymers both from the low and the high
temperature regime. Clear differences are observed in the spectra of the hybrids compared
with the ones of bulk polymers both below and above the 7, of the bulk polymers. At low
temperatures (Figure 13b), the spectra seem to have multiple relaxation processes like in the
case of the pure polymer; however, all curves have a very different shape, lower dielectric
strength and significantly faster relaxation times (when compared at the same temperature).
For higher temperatures, but still below the bulk polymer T, the presence of another process
becomes evident (Figure 13d) whereas for even higher temperatures (above 300K), an
additional process appears (Figure 13f), which was not present in the neat polymers either
because it was obscured by conductivity or because it indeed exists only in hybrids due to
either the confinement or to the presence of the surfaces.

The relaxation times of all processes obtained from the analysis of the experimental
spectra are shown in Figure 14 in an Arrhenius representation. The relaxation times of the y-
process almost coincide for the three hyperbranched polymers in the bulk (Figure 14a) and
follow an Arrhenius temperature dependence, 7= 7y exp[£/RT], with activation energy E, ~
67.0+2.0 kJ/mol (R is the gas constant). This process due to local fluctuations and rotations of
the hydroxyl groups exhibits an activation energy that is lower than the ones reported in the
literature 34140 put still high in comparison to local processes of linear polymers.45 The
intermediate B-process can be clearly analyzed for few temperatures since it is in close
proximity to the other two processes as temperature increases. It follows Arrhenius
temperature dependence with activation energy Eg ~ 79+8 kJ/mol that may depend slightly on
the generation. For the segmental a-process, a clear dependence on the generation is
observed in accordance with the differences in the 7,’s of each polymer. Moreover, the
temperature dependence of this process appears to conform to the Vogel-Fulcher-Tammann
equation.

The nanocomposites exhibit a different dynamic behavior for both the sub-T,
processes and the segmental dynamics. Figure 14b shows the relaxation times of the different
modes present for all nanohybrids. The relaxation times of the two sub-T; processes, which
exist in the nanocomposites as well, are much faster than the respective ones of the neat

polymers and exhibit much weaker Arrhenius temperature dependencies. On the other hand,
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both processes have very similar relaxation times when the three confined polymers are
compared. For the fastest process, named y', an average activation energy of E, = 29+5
kJ/mol can be determined, which is much lower than the one of the bulk polymers but very
similar to that obtained for the sub-7, process for a linear PEO investigated with dielectric

spectroscopy.45

The second sub-7, process, named ', shows a similar temperature
dependence with the y' with average activation energy for the three Boltrons being Eg ~ 27+5
kJ/mol. The high activation energies of the corresponding y and 3 processes for the Boltorns
in the bulk, identified as the motion of the polar hydroxyl and carbonyl groups, are attributed
to the constraints to the motion imposed by the hydrogen bond network formed. Under
confinement, the flatten conformation that the polymers possess due to the spatial restrictions
apparently limit the formation of the hydrogen bond network, thus, causing the activation
energies for the respective motions to be lower than those in the bulk and to approach the
values obtained for a non-hydrogen bonded system. At higher temperatures, even more
significant differences in the behavior between the bulk polymers and the nanohybrids exist.
Firstly, there is an intermediate process that emerges at temperatures much below the bulk
polymer T,, with an Arrhenius temperature dependence. This behavior resembles the o'-
process, observed in previous studies on PMPS* and PEO* under confinement. In the case
of the Boltorns, the a'-process is much faster than the dynamics of the bulk polymers for low
temperatures or in the proximity of the bulk 7, but, at higher temperatures, it appears to cross
the a-process of the bulk polymer becoming significantly slower. The a'-process being the
segmental motion modified due to the severe confinement shows very similar behavior for
the three confined polymers with an activation energy of E, = 100+1 kJ/mol. Moreover, the
a'-process exhibits a significant dependence on the generation and appears at higher
temperatures with increasing generation, following the changes in the bulk 7,’s. At even
higher temperatures, a slow process appears, for all confined systems, probably due to
interfacial polarization due to the large number of interfaces constituting the nanocomposites
and the ions trapped in their proximity. This process shows Arrhenius temperature

dependence and a significant effect on the generation as well.
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IV. Concluding Remarks

In this highlight article, we made an attempt to review investigations on the static and
dynamic behavior of polymers when they are severely confined between the layers of
inorganic layered silicates and to compare it with the respective behavior in the bulk. We
have utilized an organophilic polymer, poly(methyl phenyl siloxane), mixed with organoclays
and a hydrophilic linear poly(ethylene oxide) and hydrophilic hyperbranched polymers with
different number and kind of functional groups mixed with hydrophilic Na-activated
montmorillonite in order to vary the interactions between the polymer and the surfaces. In all
cases, we were interested in achieving the formation of intercalated structures with ~1nm of
severely confined polymer films residing within the galleries.

The polymer dynamics in confinement versus that in the bulk was probed by
dielectric relaxation spectroscopy and quasielastic neutron scattering with energy-resolved
elastic scattering scans as a function of temperature complementing the incoherent structure
factor measurements. The techniques are able to identify both very local sub-7, motions,
related to the motion of side and/or end groups, as well as the segmental a-relaxation
processes, related to glass transition dynamics, for the various systems.

Similarities and differences were identified in the behavior that depend on the length
scale of the probed motion as well as on the polymer-inorganic surface interactions. The local
sub-7, processes were found to be mostly unaffected by the strong confinement. However,
when such processes are influenced in the bulk by topological restrictions imposed by, e.g., a
possible hydrogen bond network, these processes are significantly modified in confinement
most probably because the hydrogen bond network is altered in the confined systems. The
segmental motion was found, in all cases, to become faster under confinement exhibiting
Arrhenius temperature dependence and being observed even below the glass transition of the
bulk polymers, reflecting a reduced cooperativity under confinement.

The investigation of the effect of confinement on polymer glass transition and the
respective dynamics is still an unresolved problem in the field of soft condensed matter. A
plethora of complex materials from multi-component polymer systems to polymer
nanocomposites that are utilized in a variety of applications can be affected by multiscale
confinement effects. On the other hand, the development of smaller-and-smaller devices
brings the relevant material length scales to sizes comparable or even smaller than the size of
a few polymer segments. Understanding the behavior is a key point to designing the right

polymeric system and tailoring its properties. A crucial parameter is the confining length and
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how the structure, properties and dynamics depend on it. In all the cases presented in the
present manuscript, the confining length was the same, defined by the intercalated structure
of the polymers within the clays (the existence of an intercalated structure is, of course,
determined by the polymer-surface interactions). Thus, systems with a changing confining
length may help in this aspect; this can be achieved by utilizing polymer-(nano)particle
nanocomposites where the confining length can be varied by changing the composition of the
nanocomposites. Note, however, that in those cases, achieving confining lengths of the order
of 1-2 nanometers is not possible. Furthermore, the effect of the severe confinement on the
overall motion of a polymer chain has not been investigated in a significant extent. Even
more, the effect of confinement on polymer structure and morphology is a matter of current

research efforts as well.
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Figure Captions

1.

X-ray diffractograms of the organophilized silicate and the nanocomposites with 15wt%,
20wt%, 25wt%, 30wt% and 70wt% PMPS content. The curves have been shifted
vertically for clarity. Adopted from ref. 22 (with permission).

Arrhenius plot of the relaxation times for PMPS nanocomposites with 15wt% (triangles),
20wt% (circles), 25wt% (squares) and 30wt% (diamonds) PMPS. The processes are
indicated as follows: a'- process (open symbols), intermediate process (open crossed
symbols) and slow-bulk-like process (solid symbols). The segmental motion of bulk
PMPS is represented with a solid line. The dash line is the VFT fit to the o' relaxation
times. Reprinted from ref. 40 (with permission).

Elastic temperature scans for wavevectors g=0.43, 0.54, 0.65, 087, 1.25, 1.70 and 1.92A™
of (a) PMPS, (b) organophilized silicate and (c) the PMPS25 intercalated nanocomposite
with 25wt% PMPS. All data are normalised to the lowest temperature at each wavevector.

(d) Temperature dependence of the mean square displacement obtained from the

wavevector dependence of the elastic scans for PMPS (m), organosilicate (A) and the

intercalated PMPS25 nanocomposite (0).The solid line is the sum of the msd for the
PMPS and the silicate. Figures (a), (b) and (c) were adopted from ref. 22 and Figure (d)
from ref. 23(with permission).

(a) Incoherent structure factor, S(¢,®) of (o) PMPS and (e) PMPS25 intercalated
nanocomposite with 25wt% PMPS at T=100K for g=1.1A"". The dash line represents the
instrumental resolution function measured at T=2K whereas the solid lines corresponds to
the total fit with Eq.1 to the experimental data for PMPS and PMPS25. (b) Wavevector

dependence of the average relaxation times for the methyl group rotation of PMPS for

T=80K (A), T=100K (o) and T=120K (o) and of PMPS25 for T=100K (e). Adopted

from refs. 22 and 23 (with permission).

X-ray diffraction patterns for the PEO/Na'MMT nanocomposites with 30wt%, 50wt%,
70wt%, 80wt% and 90wt% PEO content together with the measurements of bulk PEO
and Na'-MMT. The curves have been shifted vertically for clarity. Adopted from refs. 45
and 72 (with permission).

Imaginary part of the electric modulus at T=203 K for the pure PEO (M) and the
PEO/Na"MMT composites with PEO content: 95% (A), 90% (O), 80% (V), 70% (0),

50% (<) and 30% ([>). The arrows indicate the o-, o'- and B-processes. The processes
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needed for the deconvolution of the spectra for the 70wt% PEO are shown with dash-
dotted (B), dashed (a') and dotted (o) lines, whereas the solid lines are the summations of
the processes (together with the conductivity at high temperatures, which is not shown).
Adopted from ref. 45 (with permission).

Arrhenius relaxation map for the PEO/Na"MMT nanocomposites with 30wt% (squares),
50wt% (inverted triangles), 70wt% (triangles) and 80wt% PEO (diamonds) together with
the relaxation times of bulk PEO (circles). The B- (open symbols), the o'- (half-filled
symbols) and the a-processes (solid symbols) are shown. The error bars are comparable
to the size of the symbols. Adopted from ref. 45 (with permission).

(a) Elastic intensity as a function of temperature for PEO (0), silicate (0) and a 30wt%
PEO nanocomposite (A) at q=1.29A'1. All data are normalised to the lowest temperature.
(b) Quasielastic spectra of PEO (o), Na'-MMT (o) and the 30wt%PEO hybrid (A) at
g=1.29A"" for T=345K. The solid line is the total fit with Eq. 1 to the experimental data of
the nanohybrid whereas the dash line is the instrumental resolution. Adopted from ref.
124 (with permission).

X-ray diffraction patterns for the Hybrane/Na'MMT nanocomposite with 30wt% as well
as the three Boltorn/Na'MMT with 50wt% polymer content together with the
measurements of pure Na'-MMT. The curves have been shifted vertically for clarity.
Adopted from refs. 55 and 57 (with permission).

Temperature dependence of the mean square displacement, <u®>, for the Hybrane (©), the
Na'-MMT (o) and the nanocomposite with 30% Hybrane (A). Reprinted from ref. 55
(with permission).

Incoherent structure factor S(g,@) of (a) Hybrane at wavevector q=1.45A'1 and at

temperatures 330K (0), 350K (V), 370K (o) and 390K (A), above the polymer 7, and (b)

Hybrane at T=390K for wavevectors ¢ = 0.86A™ (0), 1.18A™ (V), 1.45A7(A), 1.68A™'(0)
and 1.96A'(0). The lines represent the total fit (solid lines) together with the elastic
(dotted lines) and the quasi-elastic (dashed lines) contributions to the spectra. The insets
show the respective quasi-elastic part of the spectra for the same temperatures and
wavevectors as in the main Figures. (c) Incoherent structure factor, S(g, w), of the
nanocomposite with 30% Hybrane for various temperatures above the bulk polymer 7.
The line is the instrumental resolution measured at temperature 2K. The y-axis is shown
at 10% of the intensity of the data for the temperature of 350K. Reprinted from ref. 55

(with permission).
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Wavevector dependence of the average relaxation times obtained from the QENS
experiments at 330K, 370K and 390K (half-filled symbols) and from the molecular
dynamics simulation (T=370K solid symbols, T=405K open symbols) at temperatures
greater than the bulk polymer 7,. Reprinted from ref. 55 (with permission).

Imaginary part of the dielectric permittivity, "(w), for the H20 (a, c, e) and for the H20 /
Na'-MMT with 50wt% polymer content (b, d, f) at 223 K (a, b; upper part), 293K (c, d)
(middle part) and 303K (e) and 333K (f) (lower part). The processes needed for the
deconvolution of the spectra are shown with dashed (y and y'), dotted (B and B'), dash-
dotted (o0 and ') and dash-dot-dot (slow) lines, whereas the solid lines are the
convolution of the processes (together with the conductivity at high temperatures).
Reprinted from ref. 57 (with permission).

Arrhenius relaxation map for the (a) H20, H30, H40 hyperbranched polymers in the bulk
and (b) for Boltorn/Na'-MMT nanocomposites with 50wt% of the respective polymer.
The processes are indicated as follows: the y- and y'- processes (filled symbols), the -
and B'-processes (half-filled symbols), the a- and ao'- processes (open symbols) and the
slow-processes (open crossed symbols). H20 (squares), H30 (circles) and H40 (diamonds).

Reprinted from ref. 57 (with permission).
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